ZnSe/MoO3/TiO2复合膜的制备及其光生阴极保护效应 by 王海鹏 et al.
物 理 化 学 学 报 
1232 Acta Phys. -Chim. Sin. 2019, 35 (11), 1232–1240   
 
 
Received: January 9, 2019; Revised: February 25, 2019; Accepted: February 26, 2019; Published online: March 14, 2019. 
*Corresponding author. Emails: guangling.song@hotmail.com (S.G.); rgdu@xmu.edu.cn (D.R.). Tel.: +86-592-2189192 (S.G. & D.R.). 
The project was supported by the National Natural Science Foundation of China (21573182, 51731008, 51671163, 21621091, J1310024). 
国家自然科学基金(21573182, 51731008, 51671163, 21621091, J1310024)资助项目 
© Editorial office of Acta Physico-Chimica Sinica 
 
[Article] doi: 10.3866/PKU.WHXB201901025 www.whxb.pku.edu.cn
Fabrication of a ZnSe/MoO3/TiO2 Composite Film Exhibiting 
Photocathodic Protection Effect 
WANG Haipeng 1, GUAN Zichao 1, WANG Xia 1, JIN Piao 1, XU Hui 1, CHEN Lifang 1,  
SONG Guangling 2,*, DU Ronggui 1,* 
1 Department of Chemistry, College of Chemistry and Chemical Engineering, Xiamen University, Xiamen 361005,  
Fujian Province, P. R. China. 
2 Center for Marine Materials Corrosion and Protection, College of Materials, Xiamen University, Xiamen 361005,  
Fujian Province, P. R. China. 
Abstract:  TiO2 is a semiconductor material with excellent 
photoelectrochemical properties that can provide photocathodic 
protection for metals. However, TiO2 can only absorb ultraviolet 
(UV) light at wavelengths of ˂ 380 nm because of its wide band 
gap. In addition, photo-induced electron-hole pairs in the TiO2 
semiconductor easily recombine, which leads to a low 
photoelectric conversion efficiency. Another shortcoming is that 
pure TiO2 semiconductors cannot sustain photocathodic 
protection in the dark, which may limit their practical applications 
to provide photocathodic protection. To address these 
shortcomings, various modification methods have been established by preparing TiO2 composite materials to improve their 
photoelectrochemical properties. In this study, a ZnSe- and MoO3-modified TiO2 nanotube composite film with charge 
storage ability was prepared to enhance its photocathodic protection effect on stainless steel. A TiO2 nanotube array film 
was prepared on a Ti foil via anodic oxidation and then MoO3 and ZnSe particles were deposited onto the film by cyclic 
voltammetry and pulse electrodeposition, respectively, to afford a ZnSe/MoO3/TiO2 nanotube composite film having a 
cascade band structure. Scanning electron microscopy observations showed that the TiO2 film consisted of ordered 
nanotubes with an average inner diameter of approximately 100 nm and wall thickness of approximately 15 nm. This 
nanotube structure remained intact after MoO3 and ZnSe particle deposition on the film. Energy dispersive spectroscopy, 
X-ray diffraction, and X-ray photoelectron spectroscopy analyses indicated that the prepared nanotube composite film was 
composed of ZnSe, MoO3, and TiO2. The UV-Vis absorption and photoluminescence spectra showed that the 
photoresponse of the composite film was extended to the visible light region and the photo-induced electron-hole pair 
recombination was reduced. Photoelectrochemical and electrochemical measurements indicated that the photocurrent 
intensity of the composite film in a 0.5 mol·L−1 KOH solution was two-fold higher than that of the pure TiO2 film. Under white 
light illumination, the ZnSe/MoO3/TiO2 composite film decreased the potential of the coupled 403 stainless steel (403SS) 
in a 0.5 mol·L−1 NaCl solution by 470 mV (relative to the corrosion potential), demonstrating an effective photocathodic 
protection effect. It should be noted that the composite film exhibited a charge storage capability and could continuously 
provide cathodic protection for 22.5 h after illumination was stopped. In addition, electrochemical impedance spectroscopy 
results indicated that the composite film significantly decreased the charge transfer resistance of the coupled 403SS, 
highlighting the photocathodic protection effect on 430SS. 
Key Words:  Anodic oxidation;  Electrochemical deposition;  TiO2 nanotube; Stainless steel;  Photoelectrochemical 
property;  Photocathodic protection 
No. 11 doi: 10.3866/PKU.WHXB201901025 1233 
ZnSe/MoO3/TiO2复合膜的制备及其光生阴极保护效应 
王海鹏 1，官自超 1，王霞 1，金飘 1，许慧 1，陈丽芳 1，宋光铃 2,*，杜荣归 1,* 
1厦门大学化学化工学院化学系，福建 厦门 361005 





















































































2  实验部分 
2.1  ZnSe/MoO3/TiO2复合膜的制备 
本工作所用试剂均为分析纯，来自国药集团
化学试剂有限公司。用高纯去离水配制溶液。 
将钛箔(纯度99.8%)裁剪成尺寸为15 mm × 10 










饱和甘汞电极 (SCE)为参比电极。电解液为 2 
mmol·L−1 (NH4)6Mo7O24和4 mmol·L−1 Na2MoO4的
混合溶液，使用前先用1 mol·L−1 H2SO4溶液调节混
合溶液的pH为4.0。循环伏安电沉积的电位范围是
−0.7 – 0.0 V (vs SCE)，扫描速率为50 mV·s−1，循
环沉积10次得到所需样品。然后将样品在马弗炉






SeO2、20 mmol·L−1 ZnCl2和0.15 mol·L−1 KCl的混
合溶液，以浓HCl溶液在实验前先把混合液pH调













红外 (UV-Vis-NIR)分光光度计 (Varian， Cary 
5000)和荧光光谱仪(Hitachi F-7000)表征样品的光
吸收和荧光特性。 












电位仪(Princeton Applied Research，USA)和150 W
氙灯光源(波长范围：250–2000 nm)。以403SS作为












105–10−2 Hz，扰动电压是10 mV。 
3  结果与讨论 
3.1  样品的表征 











































于Zn 2p3/2和Zn 2p1/2 37。从图3e显示XPS谱图可以
看出，复合膜中Se元素的结合能位于54.5 eV的谱
 
图 1  (a) TiO2纳米管膜、(b) MoO3/TiO2 和(c)ZnSe/MoO3/TiO2 复合膜的 SEM 图，(d) ZnSe/MoO3/TiO2复合膜 EDS 谱图 
Fig. 1  SEM images of the (a) TiO2 nanotube film, (b) MoO3/TiO2 and (c) ZnSe/MoO3/TiO2 composite films;  
(d) EDS spectrum of the ZnSe/MoO3/TiO2 composite film. 
 
图 2  (a) TiO2纳米管膜，(b) MoO3/TiO2 和 
(c) ZnSe/MoO3/TiO2 复合膜的 XRD 谱图 
Fig. 2  XRD patterns of the (a) TiO2 nanotube film,  
(b) MoO3/TiO2 and (c) ZnSe/MoO3/TiO2 composite films. 





































图 4  (a) TiO2纳米管膜，(b) MoO3/TiO2和 
(c) ZnSe/MoO3/TiO2复合膜的紫外-可见吸收光谱 
Fig. 4  UV-Vis absorption spectra of (a) TiO2  
nanotube film, (b) MoO3/TiO2 and (c) ZnSe/MoO3/TiO2 
composite films. 
 
图 3  ZnSe/MoO3/TiO2复合膜中(a) Ti 2p，(b) Mo 3d，(c) O 1s，(d) Zn 2p 和(e) Se 3d 的 XPS 谱图 
Fig. 3  XPS spectra of the ZnSe/MoO3/TiO2 composite film: (a) Ti 2p, (b) Mo 3d, (c) O 1s, (d) Zn 2p and (e) Se 3d. 





可以看出，相比 TiO2 或 ZnSe/MoO3 纳米膜，
ZnSe/MoO3/TiO2复合膜具有更优良的光学性质，因
此，这种复合膜也可能具有 好的光电化学性能。 






































耦连的403SS的电极电位下降至约为−270 mV (vs 
 
图 6  (a) TiO2纳米管膜，(b) MoO3/TiO2和 
(c) ZnSe/MoO3/TiO2复合膜的暂态光电流响应 
Fig. 6  Transient photocurrent responses of the  
(a) TiO2 nanotube film, (b) MoO3/TiO2 and  
(c) ZnSe/MoO3/TiO2 composite films. 
 
图 7  403SS 在 0.5 mol·L−1 NaCl 溶液中电极电位在 
不同条件下随时间的变化曲线 
Fig. 7  Variations of the potential of 403SS in the 0.5 
mol·L−1 NaCl solution with time under different conditions. 
(a) uncoupled, (b) coupled to the TiO2 nanotube film and (c) coupled to the 
ZnSe/MoO3/TiO2 composite film under intermittent white light illumination. 
 
图 5  (a) TiO2纳米管膜，(b) MoO3/TiO2和 
(c) ZnSe/MoO3/TiO2复合膜的 PL 光谱 
Fig. 5  PL spectra of the (a) TiO2 nanotube film, (b) 
MoO3/TiO2 and (c) ZnSe/MoO3/TiO2 composite films. 




































































图 8  403SS 在 0.5 mol L−1 NaCl 溶液中不同条件下的
Nyquist 图 
Fig. 8  Nyquist plots of 403SS in the 0.5 mol·L−1  
NaCl solution under different conditions. 
(a) uncoupled, (b) coupled to the TiO2 nanotube film and (c) coupled to  
the ZnSe/MoO3/TiO2 composite film under intermittent white  
light illumination. 
 
图 9  403SS 在 0.5 mol·L−1 NaCl 溶液中的等效电路图 
Fig. 9  Equivalent circuit of 403SS in the  
0.5 mol·L−1 NaCl solution. 
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